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I. INTK01HK TION 

Du,' oi tin' in iss ion*, .>f CCC-EME0-PE1) is to provide customers with 
.mi,‘mi .1 model ini; performance data. To carry out this mission, we 
obtained the AMP (Antenna Modeling Program) in 1972, the NEC (Numer¬ 
ical 1:1 ec 1 1 ■omap.net ic Code - Method of Moments) Program in 1977, and 
the new NEC (NEC with SommerfeId integral subroutine) Program in Jan- 
uarv of this vear. 

A review of much data over the years reveals different solutions when 
the two programs are used, and useful simplifications can be developed 
for linear elements when excited near first resonance (e.g., dipole). 
The differences are discussed and simplified equations are presented 
in this report. 

Craphic.il solutions are presented, and they show that these equations 
are higlilv comparable when a center-fed antenna element, L, is between 
n.4(> and n.V, wavelength long. This enables one to verify computer 
P i ,• .■ t. mi •, ind in obi.tin main kov solutions without having to resort to 
.ip I..... |.i .'.a .me. on l u ge computers such as Cl)C-(i5 K)/6600. 

Some of the equal ions and graphs were developed from 3 h point data 

(i 

where, 

7 li ~ n 0.010479 (l.t ) radians 

ii A MHx 

In li:,.. term, they relate directly to the theoretical work by Drs. King 
in.I Middleton which is often used as the reference. Being developed 
i mi point data, the roci I iidents of the equations are range weighted. 








ami other coefficients can he used to shift the accuracy range of these 
simple equation forms. 


li. COMPAR ISONS 

A review ot mode theory 1 , King-Middleton theory*, AMP program, NEC pro¬ 
gram, ami l)r. .1. I.awson theory' results shows varying degrees of agree¬ 
ment. For example, the relative velocity factor at first resonance in 
terms of element Length divided by diameter ,I./D, ratio for these 5 
examples can he obtained from the following approximate equations in 
the same order. 

V - 1 - | 11..’h i log (■-■) - 4.7b71 ' numeric i 

r ' i H D 





;s. o | 


-1 


numeric «, 


These equations are plotted on Figure 1. Surprisingly, the NEC results 
aie essentially between those ot the otiier two pairs while both AMP and 
NF.C programs use the King-Wu "3-term element current distribution 4 . In 

addition, series-fed scaling, experience a number of years ago with 

’00 indicates that the NEC results are more accurate than those 
I) 

ol the other 't. . .even though the AMP results better match those by 

Kiug-Middletonl 




















































The I List rcsouancf radiation ic-. i-.iana- in terms oi element length 
divided by diameter ,1./1>, ratio lor these b examples can be obtained 
from the following approximate equations in the same order. 


K " 71.0 - I 0.0.') '> 

res 

It ‘ 71.0 - | 0. Si', 

res 

R =71.0-1 0.054 

res 

K = 7 1.0 - I 0.21:’ 
res 

R = 7 1.0 

res 


log (’-) - 0.0191 ~ 1 

i 0 D 

log (~) - 0.214]—' 
f a 

log d) + 0.621 * l 

I O 

log (b > 0.232]-* 

I 0 I) 


ohms * 


ohms i 


ohms » 


ohms i 


ohms i o 


With the exception of equation 10, these equations are plotted on Figure 
J. The results vividly illustrate the problems associated with obtaining 
valid radiation resistance solutions vs. element length divided by dia¬ 
meter, I./II, ratio discussed in ret erence 1. 

I t ind no other reterence that believes radiation resistance is indepen¬ 
dent of L/l). Hence, equation 10 is not correct. The mode theory and 
R1nd-Midd1eton theory curve:; on Figure 7 do not consider series feed gap 
capacitance or the method of connecting transmission lines. The AMP and 
NK0 programs use the center segment to series drive the entire antenna 
element and, therefore, must make allowances for gap effects. These 
allowance:, i an not he deduced from program printouts because current 
di.tiihul ion thus impedance-is related to all segment sizes. That is, 
the eflects are interrelated, and best answers are obtained when each 
'•.(".■merit length is near 0.05 fret—space wavelengths'. Since theoretical 







































appr ox imatio ns are useu in tlie programs, inclusion of lengthy source 
equations in tills report does not seem to be warranted. 

field experience indicates that the mode-theory curve on Figure 2 
generally gives too low an input resistance when shunt-excited, and 
that tiie series-fed configuration is more sensitive to L/D changes 
than the AMP results indicate. Too, I suggest that some of the mea¬ 
surements reported in reference 1 may have included ground mutual 
coupling impedance without realizing it. Tiie selection of resistance 
values is highly critical in scaling applications. 

Prior to the L5 0 ’ s, most of the driven antenna elements were series- 
fed. ft is convenient, VSWR tolerant, and vacuum tubes can handle 
relatively large voltage transients. When solid-state amplifiers 
became popular, it soon became apparent that they could be destroyed 
by antenna element voltage buildups when the element was insulated 
and series-fed. This brought a renaissance of delta, tee, and gamma 
antenna matching networks because they can be used to shunt-excite a 
center-grounded element. This, together with center-grounded passive 
tef1ector/director array elements, makes it desirable to have valid 
impedances for both the series-fed and shunt-excited antenna element. 

based upon these observations, the best data base we have at this time 
is King-Micldli-ton for solid elements and NEC for split series-fed ele¬ 
ment:;. AMP results are available, but are not included. They are not 
as accurate, and this program is not available at this time. Addition 
aL mode theory calculations were not made because of their relative in 
accuracy. They can be obtained frc in equation 108, page 433, of refer¬ 


ence 1 . 





III. SOI.ID ELEMENT ('.ENTER-RED 1 KP'dT J MI'I DANEi: 

lining tlu- available I./b together with I..' 1 h • 1 . S K ing-Midd 1 cton 

o 

Data points', tho radiation resistance of the solid clement may be 
obtained from: 

K = 1 ()'’ ohms i l 

r 

where, 

p - I 1.02 1 - 0.011 log ( 7 )l(h h) + 0.014 log (^) + 0.368 numeric 

too 0 10 D 

Equation 11 is not very accurate when (L/D) < 45. When (L/D) > 45, 
this equation is within 1.0 ohms for all 42 data points, within 
2.0 oluns ior 19 data points, and within 1.0 ohm near first resonance. 

I'sing the available L/D together with 1.2 p h ' 1.8 King-Middleton 

~ 0 — 

data points', the input reactance of the solid element may be obtained 
f ram: 

\ - 1288.225 log ('-) - 9l.5(t4|(;-; h) ~ 451.793 log (~) + 184.045 ohms 

r 1 o D 0 10 D 

liquation 12 is not very accurate when (L/D) 45. When (L/D)-'* 45, this 

equation is within <>.() ohms for all 42 data points, within 2,0 ohms for 
M data points, and within 1.0 ohm near Iirst resonance. 

When e.pi, it inns II and 12 are used to obtain M/0, the deviation from King- 

ess 1 ban . 4 


V idd 1 e t on i esti It; i s 1 


in M and 1.75 in degrees for all 42 





IV. SIM.IT SK K1KS C ENTER-FED E LEME NT INPUT IMPEDANCE 

Using 11 L/D together with 1.1' • [■ h •- l.K data points in the NEC 

a 

program, the radiation resistance ot the split center-fed element may 
he obtained from: 

R r = 1C* ohms i j 

where, 

p = |0.084-0.040 lop, (^)l(r h)+0.043 log (!;)+().470 numeric 

i» I' » i a D 

Equation 1 1 is not very accurate when (L/D)'- 40. When (L/D) > 40, this 
equation is within 7.0 olims for all 77 data points, within 3.0 ohms 
lor 65 data points, and within 1.5 ohms near first resonance. 

Using 11 L/D together with 1.2 • ft h ' 1.8 data points in the NEC pro- 

» - 

gram, the input reactance of the split center-fed element may be obtained 
f rum: 

I 2H8..:74 log (,’)-77.434) (8 h)-435. l )lh log (-^)+175.298 ohms i 4 
1 i o o o 1 1 o D 

Equal ion 14 i s iidI very accurate wlien (L/D) 40. When (L/D) ^ 40, tliis 
equation is within 12.0 ohms for all 77 data points, within 3.0 ohms for 
61 data points, and within 2.0 ohms near first resonance. 

When equations 13 and 14 are used to obtain M /9, the deviation from NEC 
results is less than 4. bZ in M and 3.3 in degrees for all 77 data points. 





As pointed out in Section II, 


I'lu‘ NEC data point:; are quest ionah le. 

best answers are obtained when each segment length is near 0.05 free- 

spaee wavelengths, and this is the case here, near first resonance . 

It was not done for the other d h values of interest because this 

o 

would have increased the program usage and reduction time manifold, 
therefore, equations 13 and 1.4 may be more or less accurate than 
indicated. This should not be alarming because program accuracy 
is sometimes no better than + 10/. 

V. E LEMENT SCA LING 

As indicated by the above equations, R^ and X solutions are a func¬ 
tion of L/H and L(\ ), and they are unique. That is, when L/D and 
o 

I. (/ ) are given, only one value of R and X exist for each config- 
o r r 

uration, and individual term scaling is not possible. At the same 
time, ratios oi X /R can be scaled, and it is the ratio that is so 
important in electrical scaling'. 

I.'sing the available I./I) together with 1.2 g h 1.8 King-Middleton 

— o — 

data point'd , the ratio for the solid element may be obtained from: 


X 


r 

i\ 


l log (|;> + 

i u i 1 


!•'■ h 

(i 


2 _. 74 n 
- 0.6341 


i 


t / . 4 t i 


1 . 52 52 

h - n.Vv>6 


2.5202 


numeric 





Kqu.it inn 15 is not verv ac( in i ( e wl.i-n (!./])> ' 4 5 , When (L/D) ’ 45, 


ttih; equ.it ion is will-, in 2. 89 elect 
points, inti within .’.0 electrical 

['.([nation li is plotted on Figures 
tion.ll f I'ee-sp.iec wa ve 1 engt hs lor 
K i ng-M i (id I et on solutions near the 
IS. Ihev show that equal ion IS i* 
t). ■ ♦ t) I. 0.56 wavelengt hs 

Using II I./I) together with 1.2 ' ; 

program, the ratio tor the .split ( 

i roMi; 


: rival degrees * for all 42 data 
degrees for 18 of the data points. 

1KM - 7KM in terms of L in conven- 
direct use. The dotted lines are 
maximum useful range of equation 
s surprisingly accurate when 

h ' 1 ,8 data points in the NEC 

•enter-fed element may be obtained 


t 

K 

t 


I . ht. It. 


1 ./Hbl , I 

h - o. H'i'i i 1 „ 'n' 


4.0218 

o h -"if. 5101 


3.2649 numeric 


Kijuat Ion 1 

(■ is not 

ViT V 

a. .an at 

e win'll 

1I./D) • 

40. When (l./ll) > 40, 

fill’, (.qua ( 

tori is wi 

thin (.14 (■ 1 

i •«• 1 r i (• 

«i 1 rc < k 

s * for all 77 data 

points, an 

d within 

d.o 

e 1 ('(■ l r i (• 

al deg 

fees, for 

7i of the data points 

i .qua ti.'ll 1 

(i is plot 

t ed 

on !■' i .pi r 

cs HN 

- I.’N in 

terms of 1. in conven- 

I i 1 '11.1 1 lie 

C-spa. C V 

.'.IVC 1 

eng, ti... l 

or .1 i r 

eet use. 

Tlie dotted lines are 

Nl'.c so 1 at i 

.MV. near 

t he 

m.a x i mum 

uselul 

range of 

equation 16. They 

ill 'W t 11.1 t 

i-qua t ion 

l«. i 

s :.ll|-|ir i 

s i ng 1 v 

arcura te 

when 0.40 " I, '-0.65 


wavel ongths! 
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V I . S<TU.ING _KXAMPLES AND 1.1 M I TATI ONS 

In most cases, scaling involves a change in element diameter and a 

solution for element length while the X /R ratio is held constant. 

r r 

Such solutions are not easily obtainable via equations 15 and 16. 

However, when these equations are plotted, as on Figures 3KM - 12N, 

graphical solutions can be obtained in a straightforward fashion. 

1’he one exception is when X /R is independent of 1,/D (coefficients 

r r 

equal zero) in equations 15 and lb. This is a horizontal line with 

I. 0.4975 X plus X /R ■= 0.4 111 on Figure 4 K>1, and I. = 0.49966 \ 
o r r o 

plus X /R - 0.M4 3 on Figure 9N. 
i r r 

Calculations involving, 0.41 • L ' 0.42 wavelengths in 0.01 wavelength 

increments plotted on Figures 5 KM and 1.0N show that vertical inter¬ 
pellation is not quite linear, hut that linear interpolation gives 
good result;.. As an example, the dotted line on Figure 5 KM crosses 

the 1> =10 1 • vertical line 417 of the vertical distance between 
0 

1. 0.41 • and I, - 0.42' so that L - 0.41417 via linear interpola- 

41 0 0 

tion vs. I. 0.4140' via equation 14 calculations vs. L = 0.41381 

II a 

(. li 1 1.1 radians) via King-Middleton data. As another example, the 

ii 

dotted I ine on Fir.ure 1 ON crosses the 1) - 4 x 10 4 7 vertical line 

ii 

'/ ot tin vertical distance between L = 0.41.7 and I, = 0.42A is 

n o 

1 - 1 1. »1 '77 via linear interpolation vs. I. = 0.41 367 via equation 

li o 

1 calculations vs. 1. = o.4l 18 • h = 1.3 radians) via NEC calcu¬ 

li ii 

lit ions . 


li 




—T” r ; 


ii L 











As a I irsl example in the use of Figures 3 KM - 12N, take a solid 
element which is first resonant at 47.6807 MHz when its length, I, , 

i) 

is 2 .9331 5123 meters (116 - 11/32 inches) and its diameter, 0 , is 

o 

3.81 x 10 ‘ meters (1.8 inches), and one wishes to make a similar 

element from 7.84 x 10 ‘ meters (1.0 inch) diameter, 1) , tubing. 

What should Lhe new length, I, , he? 

11 

Since thi: is a s o I id element. Figures 3 KM - 7KM apply, and since 

it is t ir.st resonant (X^/R^ = 0), Figure 4KM is used. At 47.6807 

MHz, T. = 0.47A , I) = 6.06 x 1()“' \ , and (1. /D ) = 77.8625. 
o oo no o 

Wh« n these value;; (us in;' the relationship i- i von in tlu.* Introduction) 
are used in equation 13, the solution (X^/R^ = 0) agrees with point 
l on Figure 4KM. 

In this example, the horizontal scaling I ini' is (X^/R^) = 0. At 

47.6807 MHz, the new diameter, 0 , is approximately 4.04 x 10 3 A , 

’I o 

and this is point 2 on Iigure 4KM. Using linear vertical interpola¬ 
tion between I = 0.47 and I. = 0.48 wavelengths on this figure, the 
solution for !., is approximately 0.4733 *. or 2.97388 metirs (117 - 

’ I 'll 

3/32 inches) at 47.6807 MHz. This can he verified by using equation 
1 3 (F. = 6 X l(f 4 ) . 

As a second example in the use of Figures IKM - 12N, take split series 
center-fed element which is first resonant at 49.6889 MHz when its 
total (both arms) length, 1. , is 2.8*160 meters (114 inches) and its 

II 

diameter, I) , is 4.1148 x In 'meters ( II 6 wire), and one wishes to make 

<i 

a similiar element from 1.7908 x 10 ' meters (/ f 16 wire) diameter, D , 
wile. What should the new length, I. , he? 


- * » 




"T •" 







t- 


Siiuv this is a s^l_i_t serioK center-fed element, Figures 8N - 12N 
apply, ami since it is first resonant (X^/R^ = Cl), Figure 9N is 
used. At V). 6889 MHz, I. * 0.48\ , 1) * h.H.’ x l(f 4 A , ami 

n o o o 

(f. /I> ) = 703.8121. When these values (using the relationship 

II II 

given in the Introilurt ion) are used in equation lh, the solution 
(X /K_ U) aggrees with point 1 on Figure 9N. 

In this example, the horizontal scaling line is (X /R ) = 0. At 

r r 

49.6889 Ml!z, Lite new diameter, D , is approximately 2,1394 x 10 4 \ , 

H o 

and this is point 2 on Figure 9N. Using linear vertical interpola¬ 
tion between 1, = 0.48 and f. = 0.49 wavelengths on this figure, the 

solution for I. is approximately 0.4837A or 2.9183b meters (114 - 
M o 

29/32 inches) at 49.6889 MHz. This can be verified by using equa- 
t ion 16 (F. = 10 1 ) . 

The purpose of using first resonance in those two examples is to 
:.iiow how well equal ions 2 and 4 compare with, respectively, equa¬ 
tions l'» and Ih when (X /K r > = 0. In the first example. 


I. 


o 


I) 


I) 


:’.9V)i i 
0.0381 


7 7 . ',(>2 3 


numeric 


V 


r 


0.94147 (oquation 2) 


numeric 


1. ’ 0. U4147 ( t) * 0.4 7074 ■■ 

,, 2 i) 


wavelengths 


0 . 47074 1 
0.47 \ 


o. I 37 


percent 










117.1 MM 


numeric 


' n • 2 .^>7 r >88 

I) ’ 0.02V. " 

a 


V = 0. 94 708 (equation 2) 


A 

0.94708 ( ~) 
0.47 JV4\ 

(i 

(1.4 7 1 1 


0.4 7 3 ‘34 A 


I - O.0 r )l 


the si'coml example. 


.’ .890(1 


703.8009 


4.1 148 x 10 


= 0.9001 i ((.'quat ion 43 


[. = 0.900! 1 ( rf) ■-= 0.48007 


0.48007 


0.48 ' 


0.01 S 


I) 


n * .’.918 10 

n 1.2908 x I O' 


2200.892 9 


V 0.9071 3 (enuation 4) 

r 


I. 0.9071 1 ( s ) 0.48 10 

n . o 


K 


0.48 17 A 


n 0.48)0 1 


numeric 


wavelengths 


percent 


numeric 


numeric 


wavelengths 


percent 


ntimer ic 


numeric 


wavelengths 


0.028 


percent 
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These results are in excellent agreement near first resonance, and 
show why midrange comparison dotted lines are not necessary on 
figures 3KM - 4KM or 8N - 9N. 

It is often assumed that a singl e radiating element should be length- 

pruned to first resonance in order to be the most efficient center- 

led dipole radiator. Theory and practice show that the maximum 

broadside gain ot this cont iguraLion occurs when [, = 1.25A , and its 

o 

driving point impedance is complex inductive. Unfortunately, the 

driving point impedance is highly sensitive to length changes 2 when 
• • 

L = 1.25A (h It = 1 .4() i > radians), and equations 15 - 16 are highly 
oo 

inaccurate when I. 0.57A . The driving point impedance of this 

u 

configuration Is also relatively large 2 , and highly sensitive to 
changes in mutual earth coupling impedance as well as changes in 
frequency. in tills case, a versatile matching tuner is often 
required, and maximum expected gain may not be realized due to 
transfer losses. Hence, ,i first resonant element is generally 
used for bandwidth and matching reasons, and multi-element config¬ 
urations are generally used to obtain higher gains. 

When the radiating element is the driven element (Si ) of a Yagi-Uda 
type array, it is usually cut to first resonance, the reflector (£. ) 
is usually Longer, and directors (t^) are usually shorter to obtain 
a traveling-wave phenomenon. * ’ 7 '* ’ * ’ 1 ° As the references show, it 

is a rare case, indeed, where the passive elements lengths exceed 
Liu- limits imposed upon equations il - lf> or upon Figures 3KM - 12N. 





- .’fi¬ 


x'! I . ELEMENT CAIN 

Neither tlir mmli' theory il.it. i* nor the K i ng-Mi dd 1 cion theory data 2 
i lie 1 inles element gain. AM!’ and NEC. calculations include solid angle 
pain, hut the results are not conclusive. The first resonant AMP 
gain is too high (- 2.165 dBi) wlten (L/D) = 10 4 , and the first reson¬ 
ant NEC gain (= 2.115 dBi) is independent of L/D when AO < (L/D) ^ 10 4 
At the same time, both programs are sensitive to element length above 
and below first resonance. 

Averaging the AMP and NEC gain figures over the 40 • h/D'' 10 4 and 

I..' i h 1 .8 radians range, the following equation was derived: 

O 

C, = 111 1 ’ dBi i? 


where, 


a - | o. 1 ! 7t>-0.00276 lu>’, ('j!(. hi Kl.00)1 log(yr)+0.1558 numeric 

10 (I ‘ L/ 

As the eo.tt i cient ■■ indicate, normal diameter changes have little 
el i o l upon element pain. i>vt'i this range, 1.48 0 ' 2.11 dBi, 

with the greatest change at smaller (!) l./li ratios, and excellent 
i nrri lat imi is ohtaineil near NEC program tirsl resonance 


(I O.nl dll). 
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Equation 17 assumes that any antenna driving point reactance is tuned 
out by a Lossless line matching network. This assumption is more 
realistic when the reactance it; inductive than when the reactance is 
eapac i tive. 

VIII. SUMMARY 


liquations 1 - In and Figures 1-2 are presented to show errors in 
mode theory, AMP program, and the Dr. Lawson theory. Equations 11 - 14 
are presented so that scaled or unsealed element driving point imped¬ 
ance values can he obtained for transmission line matching network 
design. Equations 15 - 16 and Figures 3KM - 12N are presented to 
facilitate element scaling. liquation 17 is presented to give an 
estimated element gain vs. normalized dimensions. 

The behavior of gain equation 17 is not what one would expect from 
theorv. When solid elements are used, smaller I./D ratios usually 
give a lower t) (increased bandwidth)*. When split series-fed elements 
are used, the driving point impedance depends upon whose theory one is 
using, and Q is a function of impedance variations'. 11 Since equation 
17 compromised gain, it also compromised Q and impedance variations 
vs. frequency (or wavelength) changes. 

Figures 3KM - 12N answer a question that has been asked many times. 

Tin sells i t i vi t> ol scaling, to changes in I,/l) is a direct function of 
I in d i l l ci in* !• between tiie element length and 0.5 (0.4975 for KM and 
O.V'uMi lor NEC) wavelength. This is reflected by change in lines 
slope mi these ligtiros. These lines also show tie nonsymmetrical 
relationship between length changes when the length is less than 0.5 
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wavelength and length changes when the length is greater than 0.5 
wavelength. 

The scaling examples presented in Section VI assume no frequency 

change. When the dimensions are converted to normalized wavelength 

lei use in figures iKM - I 2N, the lengths and diameters apply to any 

frequency. For example, use Figures 3 KM - 1 2N to scale from, say, 

50 MHz to 2 MHz. The procedure is to calculate L and D in wave- 

o o 

length at 50 MHz, determine the horizontal X^/R^ scaling line on 
the appropriate figures, calculate a practical diameter in wavelength 
at 2 MHz, move along the constant X^/R^ horizontal scaling line on the 
Iigure to the 2 MHz diameter in wavelength, determine the new length 
in wavelength, and finally convert the new length to one of the basic 
units of measurement. 

This analysis does not consider mutual coupling impedance between 
elements, or between a single element and another object such as 
ground. When the distance, S, between elements is equal to or greater 
than 3.0 wavelengths, mutual coupling impedance can generally be omitted 
when 0.40 1. 0.55 wavelength. 12 ’ 1 '' The same applies when the element 

height, H, over earth is greater than 1.5 wavelengths. 14 When the dis¬ 
tance, S, between elements is held constant in wavelengths , L/D changes 
will have little effect upon existing mutual coupling impedance when 
S 201). The same applies lor an element over earth when H ^ 10D. 

In almost all parallel or horizontal element examples, this condition 
Is. met, and mutual coupling impedance i cations seldom include element 


diameter, I). 







Wlu'ii highly conductive metallic elements are In proximity with each 


<it fur, mutual coupling impedance solutions for I. = 0.1 wavelength can 
he obtained from solution;', to Carter's closed-form exponential integ¬ 
rals. 1 ' These integrals assume a sinusoidal current distribution on 
(infinitely thin) elements, but they are reasonable approximations, 
and solutions are available in graphs and tables. 1 ’ 12 *' 3 ’ 16 For greater 
accuracy, one is faced with solutions to integral representations of 
the Sommerfcld formulation. 


When an antenna element is within 1.5 wavelengths of an imperfect 
earth, one is fared with solutions to the recalcitrant Sommerfeld 
formulation if real istic mutual coupling impedance values are to be 
obtained. Our AMP uses the Fresnel RCM (reflection-coefficient 
method) to determine mutual impedance, where the ROM is the leading 
term of a steepest descent method solution to Infinite integrals. It 
lias been pointed out that the RCM is valid (F,< 10%) only when all 
parts of the antenna element meet the following condition. 17 

0.7 

II __ meters m 

JW ” 


Where 11 is the element height over the earth, A is the free-space 

ii 

wavelength and e is the earth's complex relative permittivity. 

When two horizontal coplanar elements are near earth, it has been 
found that the RCM tan he used to determine their mutual impedance 
when 1M 
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I, 

5.5 


meters 
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wavelengths :o 


In this report, 0.40A I, ' 0.55\ is the valid region for equations 

o—o 

lb - If). liquation 19 is a mathematical pole ( v 2 90 degrees) restriction 
which would be 0.101 in this report. Over the 11F region, 

it 

4.0 ' e '■ 4. r > x 10 4 for moat of the earths encountered, and equation 

10 with H >0.101 will he the ROM limiting height hero. 

<) 

Over the years, 000-KME0-Pill) personnel have used the AMP at heights 
which violated equations 18 - 20, The results were known to be in¬ 
correct, and a comparative report is available. 14 A reference 17 pro¬ 
gram error was discovered in this report, and it has since been corrected 
l>v AFOR1.. 30 Nevertheless, enough information is available in that report 
to confirm equation 18, and verify field measurements. 31 

When the antenna height is below the equation 18 limit, one can use a 
semi-infinite integral representation of the Sommerfeld formulation, 
use the f.auss ian i nterpo latorv quadrature formula for obtaining solutions 
to the first integral, and use the Gaussian I.aguerre interpolatory quad¬ 
rature formula for obtaining solutions to the second integral. The for¬ 
mulation), and justifications are lengthy, and are good approximations to 
heights, II. as low as 0.01A where solutions become oscillatory.* 3 

ii 

Tin work cited in icterencc 1/ is similar to work done hv hr. F.. Miller 
and his taff it the I. awreiu s l.ivermorc I.ahoratory as a background in 
the jirep.ir.it inn el t hi' Sommer t e 1 <1 subroutine of our new NRG program. 









- n- 


A review ot !u-w Nl'.C data may show s Impl if ieat ions in the calculation 
of antenna-ground mutual coup L im; impedance. 

1 am Indebted to Mr. W. Alvarez, Mr. D. Fink, and Mr. G. Lane of 
CGC-KMEO-PKD for prop,ram data which made these observations possible. 
While the data is not precise, it is the best we have at this time. 

*********************** 
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